Based on complementary fractal geometry structures, we design a novel infrared quasi-three-dimensional (3D) nanocavity with a localized enhanced field with multiband resonant frequencies. The fractals offer the nanostructure two important characteristics, multiband functionality and a subwavelength effect. The electric field, power flow, and the field intensity distributions are given to indicate the internal mechanism of the localized enhanced field in the nanocavity. Additionally, the effective medium method is established to retrieve the permittivity and impedance of the structure. It is shown that a strongly enhanced localized field is achieved in the nanocavity at two different resonant frequencies by using the finite difference time domain method. The field intensity in the nanocavity is enhanced by a factor of up to 60 times over that of the incident light because of the important contribution of the loss factor in the permittivity. The surface plasmon hybridization is thought to play an important role in the strong localized field enhancement. The multiband property and high localized intensity offer the nanocavity great potential for applications in surface enhanced Raman scattering and other nanoscale novel devices.
Introduction
Metamaterials with negative permittivity and negative permeability have attracted much attention recently. A metamaterial is a macroscopic composite of periodic or non-periodic structures, whose function is due to both the cellular architecture and the chemical composition [1] . Its macroscopic electromagnetic parameters, such as permittivity and permeability, are mainly attributed to the resonant or non-resonant unit cell [2] . Under this consideration, the permeability and permittivity, which dictate electromagnetic wave propagation, can be arbitrarily designed by adopting different cellular structures and/or spatial distribution patterns of the unit cells. In the long wavelength limit, due to the subwavelength cellular details, the metamaterials can be treated as a homogeneous medium, and thus the effective medium theory can be established to describe their properties [3] . The realization of arbitrary permeability and permittivity opens a way towards the realization of previously impossible phenomena or devices, such as negative refraction [4] [5] [6] , invisible cloaking [7, 8] , perfect lenses [9] , anomalous Doppler shifts and Cherenkov radiation [10] , superfocusing [11] and so on [12, 13] .
A fractal structure possesses self-similar properties and the scaling law indicates that such a structure naturally exhibits multiband electromagnetic responses covering an ultra-broad frequency regime. Many interesting electromagnetic properties have been investigated in a series of fractal structures, such as the Hilbert curve, Minkowski curve, Sierpinski carpet [14] , and so on [15] . Among these choices of fractal geometries, H-shaped fractals offer an opportunity to construct electric metamaterials [16] , magnetic metamaterials [17] and plasmonic metamaterials [18] with desirable properties, covering from the microwave to visible regime. Distinct from the frequency selective surface (FSS) [19] , photonic band gap (PBG) [20] and other structures [21, 22] , the self-similar generation of the H-shaped fractal geometry endows the structure with two peculiar Figure 1 . (a) Schematic of a unit cell in a square lattice of the quasi-3D compound nanocavity. The incident electromagnetic field illuminates the structure from the bottom with its polarization along the x axis. (b) The top view of the perforated metallic film cell with fractal geometry in the xy plane. For our simulation, the center line length is d = 300 nm, w = 30 nm, and the periodicity is 600 nm × 600 nm. (c) The top view of the unit cell of fractal metallic patterns in the xy plane. The lattice constant is 1200 nm × 1200 nm. The first-level length d 1 is 600 nm and the third-level d 2 is 390 nm. The width of the rods is 30 nm and the thickness of both the film and fractal pattern is 100 nm in our calculation.
characteristics, multiband functionality and a subwavelength effect [23] . When the investigation of H-shaped fractal falls into the infrared and visible region, surface plasmons, which arise from interactions between the conduction electrons of the material interface and the incident electromagnetic wave, should be taken into consideration. Additionally, quite different from that with microwaves, the metal is no longer a perfect electric conductor and the loss must be included in the infrared and visible region.
In this paper, we take advantage of the two amazing features of fractals, as well as the surface plasmons, to reveal the strong localized field enhancement of a quasi-3D plasmonic multiband nanocavity in the infrared region. Firstly, we investigate the four-level fractal geometry perforated gold film and its complementary metallic fractal patterns, respectively. The effective medium theory is then established to illustrate the intrinsic physical basis of the multiband and subwavelength properties. An averaged homogeneous plate with lossy effective dielectric constant is modeled and used to reproduce accurately the resonant plasmonic modes. Secondly, the two complementary elements are combined to form the unit cell of the nanocavity. By appropriately choosing the space distance between the perforated films and the fractal patterns, strong localized field enhancement can be achieved at two different resonant frequencies. The result can be understood with the advantage of localized surface plasmon resonance. Finally, we will have a look at the potential applications using the constructed nanocavity.
Model and simulation method
The nanocavity is composed of a physically separated bottom gold film with perforated fractal geometry ( figure 1(b) ) and complementary larger size metallic fractal arrays ( figure 1(c) ) at the top of the structure. Just as shown in figure 1(a) , the bottom layer is perforated with four-level H-shaped fractal patterns. It is generated from a vertical aperture of length d, defined as the first level of the structure, parallel to the y axis. The (k + 1)th level apertures, containing 2k apertures, are constructed along the direction perpendicular to the kth level, with the middle point of each aperture connecting to the ends of last level slits, where k is an integer. The length of the (k+1)th level lines is scaled from that of the kth level line by a factor of 2(1) if k is an even(odd) number. The complementary metallic fractal arrays, the unit cell having about twice the size of that on the bottom, are placed at the top. The software EastFDTD (from Dongjun Information Technology Co., Ltd) is used to investigate the quasi-3D nanostructure. For the approximation of the real gold material, the Drude model of relative permittivity is adopted for the numerical simulation as follows,
where ε ∞ is the dielectric constant in the high-frequency limit, ω p is the gold plasma frequency in the free electron model, and γ is the damping frequency. These parameters are determined from the infrared optical constant of gold [24] . The relative permeability of gold is assumed to be µ r = 1.
Results and discussions
To demonstrate the multiband resonance and subwavelength features, we first study separately the light propagating properties of the perforated gold film with four-level fractal geometry in the nanocavity, as shown in figure 1(b) . The four-level fractal geometry unit cells are placed periodically along the x and y axes. The upward incident light perpendicularly illuminates the structure with its polarization along the x axis. It can be seen in figure 2 that most of the incident light is reflected back over a wide range of frequencies. However, there are two narrow dips at frequencies of about f 1 = 74 THz and f 2 = 243 THz in the reflection spectrum. The extraordinary high transmittance at the two frequencies indicates the peculiar passband property in the individual structure. In order to illustrate the intrinsic physical basis of narrow transmission peaks, the insets of figure 2 respectively show the electric field distributions at the two frequencies. At a frequency of about 74 THz, the electric field is mainly located in the first-level slit. The field induces charges on the gold film flowing toward the first slit along the surfaces of the structure. The accumulation of the charges excites an oscillation in the first-level slit and gives rise to a variety of resonant modes, as shown in the intensity distribution of figure 3. The field intensity of first slit is much stronger than that in other slits. Similarly, the higher frequency at 243 THz corresponds to another plasmonic resonant mode. The intensity confinement is located in the third-level slits. From the results of the four-level fractal geometry slits above, it can be verified that in the nanocavity, with incident electromagnetic field illumination, each transmission peak corresponds to the resonant plasmonic mode of one-level aperture and strong localization of the field intensity. One more interesting feature of the fractals is that the structure is subwavelength compared to the resonant plasmonic wavelength. And it is exactly this subwavelength size feature that allows us to use the effective medium theory approximation.
To understand the intrinsic physical basis of the subwavelength structure, we have retrieved the relative permittivity and impedance using the transmission and reflection coefficients. In figure 4 we present the relative permittivity and impedance as a function of the frequency. As shown in the curve of relative permittivity, there are two obvious Lorenz shape resonances at frequencies of around 80 and 250 THz. The first resonance at lower frequency has much a larger permittivity than that at the larger frequency, which is attributed to the characteristic of gold. From the reflection coefficient formula,
where Z c is the impedance of the fractal geometry film and Z 0 is the intrinsic impedance of the background material. It can be seen that a high transmittance can occur only if the reflectance coefficient equals 0, namely Z c = Z 0 . At a frequency of about 74 THz, we find that the impedance reaches approximately 1 and there is a transmission peak. Similarly, another occurrence of extraordinary transmittance at frequency 243 THz in figure 2 confirms the explanation above. Next, we give the extraordinary transmittance at the frequencies satisfying the impedance match condition. We show the power flow distribution of the structure in figure 5 . The energy at the two frequencies flows through the first-level and third-level slits smoothly, respectively. Thus, high transmittance peaks can be caused in the structure.
For simplicity and future application, we can use an effective thin homogeneous plate to replace the above complex structure. We consider a homogeneous plate with infinite width and length but the same thickness as that of the fractal perforated film. Then we give the retrieved equivalent parameters, the impedance, refractive index, relative permittivity and permeability to the homogeneous plate, reproducing the transmission and reflection spectrum of the above complex structure. One can find that the results of a simple plate with some effective parameters are in good agreement with that of the perforated film. It is worth noting that the loss factor is considered in'obtaining the transmission and reflection spectrum, which is usually neglected in the general form
where f j is the jth resonance frequency, f is the frequency, and a, b j are some model parameters. The loss factor is added in the above formula, shown as follows,
By adjusting the parameters a, b j and c j to fit our calculation results, the equivalent plate of the fractal unit cell can be described well by using formulas that includes the loss factor.
Next, we study separately the light propagating properties of the complementary metallic fractal arrays ( figure 1(c) ) from the nanocavity. Based on the Babinet principle, the complementary structure with the same structural parameters of the fractal geometry perforated film should have the totally opposite transmission and reflection spectrum. However, our numerical simulation results show great discrepancies with the prediction. This may be attributed to the surface plasmons of the fractal rods not being taken into consideration in the lower frequency regions. In order to find the transmission and reflection coefficients of the complementary structure, we pay much effort on different dimensions of the fractal patterns considering each resonant frequency corresponding to one-level fractal rods. By optimizing the length of the fractal rods, we finally get nearly the same transmission and reflection curves as the first-level 740 nm and the third-level 390 nm. At frequencies of about 74 and 243 THz, the previous transmission peaks now become reflection peaks. Additionally, most of the reflecting region here turns out to be a wide passband. The power flow distribution of the fractal patterns can directly used to understand the mechanism of reflection peaks in figure 6 . The power from the lower-level rods flows towards the higher-level rods, and then divides into two parts with opposite directions at the higher level. Finally, power flow circles are formed around the highest fourth-level rods. The confined field intensity here oscillates with time. The steady state of power flow eliminates the incident electromagnetic wave at the same frequency. Another way of expressing this is that, in figure 6, there is a reflection peak at that frequency. Based on the above results, each one of the two separated fractal structures has its own advantages. Thus, it is straightforward to combine the two complementary structures together to evaluate whether some new intriguing performances will occur. As is shown in figure 1(a) , the unit cell of the newly constructed nanocavity consists of the bottom perforated film with four equal four-level fractal geometries and the top larger fractal patterns. Since the structural parameter values of the metallic rods are about twice as large as the ones of the perforated film, we choose four unit cells of the perforated film as one new unit cell with the value 1200 nm × 1200 nm in the nanocavity; this will not affect the behavior of the perforated film we have calculated above. The structural parameters of both the perforated film and its complementary structure are in accordance with the ones used above to ensure the resonant transmission peaks and reflection dips keep the same values. The unit cell is placed periodically along the x and y axes with the same lattice constant 1200 nm in both x and y directions. The nanocavity is perpendicularly illuminated by the incident electromagnetic field with x-axis polarization from the bottom side.
According to the above configuration, the newly formed cavity is deliberately designed to have two resonant frequencies similar to the individually designed ones in the perforated film and its complementary structure. However, one new parameter, the spacer thickness between the two parts, is introduced with the formation of the cavity. It plays an important role in the performance of the nanocavity since the nanocavity is an analogue of the F-P cavity. Moreover, the appropriate choice of the spacer thickness means that not only the original H-shaped fractal perforated film and the metallic rods pattern are in resonance but also the interaction of the two complementary structures is in a resonant mode and consequently sharpens the resonant profiles and enhances the field localization. Under this consideration, it is of great value to carefully design the spacer thickness. After trial and error, the optimized spacer distance between the bottom layer and top rods is determined to have the value 600 nm.
The transmission and reflection spectrum of the compound nanostructure are depicted in figure 7 . It can be seen that there are two deep narrow dips compared to that in figure 2. More importantly, the transmission intensity is also very small. The result means that the absorbance at Figure 7 . The transmission and reflection spectrum together with the absorbance spectrum of the quasi-3D nanocavity. The resonant dips are much narrower and lower in intensity compared to that in figure 2. The low intensity of the transmittance at the two resonant frequencies induces the high field intensity localization in the cavity. The inset shows the intensity distribution at a frequency of 125 THz in the yz plane. Nearly all the incident radiation is reflected, with little entering the nanocavity. those frequencies is rather significant. Due to the multiband functionality of the fractal geometry, the perforated gold film allows light with a set of frequencies to transmit into the wells, and its complementary metallic fractal patterns almost totally reflects them back. By properly designing the spatial distance between the two complementary structures, a multiband nanocavity is formed. The field energy of transmitted frequencies can move forward and backward in the nanocavity, finally approaching a stable oscillation without crosstalk among the different resonant frequencies.
In order to better understand the localized field enhancement of the nanocavity, the field intensity distribution in the yz = 0 plane at the resonant frequency is depicted in the figure 8. Most of the light field is confined in the nanocavity. A quite highly localized field enhancement arises, especially near the region between the bottom layer and the top rods. Figures 8(b) and (c) show the localized enhanced field normalized to the incident light at the two resonant frequencies near the perforated film, respectively. It can be seen that the most significant enhancement can reach a factor of about 60. However, the enhancement factor is no more than 25 for the individual fractal perforated film or the individual complementary fractal patterns, as shown in figure 3 . For comparison, the field intensity distribution at a frequency of 125 THz, between the two resonant frequencies, is also presented in the inset of figure 7 . Most of the field intensity is eliminated by the nanocavity. The result indicates that over a wide frequency region the incident electromagnetic wave is reflected back.
Here we want to emphasize that values are calculated with a vacuum cavity. From the point of view of practical fabrication, it is really difficult to process parts with no dielectric (not including air/vacuum here) in the nanocavity. However, it does offer us a degree of freedom to manipulate the dielectric filling the cavity. A dielectric sensitive to humidity or temperature, or a material that can absorb gases, especially poisonous gases, can be adopted to fill the cavity in specific practical applications, such as poisonous gas or humidity detectors and or absorber-based sensors, according to the resonant position shifts. It is known that, once the dielectric is determined, the air slits can be used to advantage in surface enhanced Raman scattering (SERS) and other detection applications. Though it may change the resonant wavelengths, structural parameters could be easily changed to satisfy the real requirement for certain resonant frequencies. This is why the cavity is not occupied by dielectrics. Furthermore, it is reasonable that one wants to know the performance of two coupled H-shaped fractal perforated films. However, according to our calculation, we want to emphasize that the field enhancement is improved by a factor of roughly 10 in the newly formed nanocavity between the two films, less than that of the single layer (16 times) and much less than that of the complementary structure (about 60 times). Only a narrowing of the full width at half maximum (FWHM) is observed at certain separation distances between the films. Considering that the main work is focused on field enhancement, details of combinations of two identical perforated films is not discussed here.
It has been clearly indicated that the nanocavity can be used to realize an enhanced localized field with a multiband resonance at a long wavelength, much larger than the size of the fractal structures. Additionally, field intensity confinement with a very high enhancement factor is also achieved with the resonant structure. Compared to the field enhancement factor in the microwave region, a significantly greater enhanced field is reached in our compound structure.
Here, we should emphasize that the metal loss is an advantage, which is always neglected in low-frequency regimes. It can be attributed to the fact that the resonance is hybridized with the surface plasmons. Using the novel nanostructure, it is thought that strong localized field enhancement of multiband frequencies, as well as the long resonant wavelength, can be utilized in many areas, such as nanosensors, SERS and other applications.
Conclusions
We propose a nanocavity with a localized enhanced field with multiband resonant frequencies by means of fractal geometry structures. Compared to the resonant wavelength, the structure size is subwavelength. Effective medium theory is used to characterize the light field distribution of the fractals. The loss factor is considered in the retrieved relative permittivity to reproduce the reflection and transmission coefficients in the effective homogeneous plate. By using the inevitable metal loss to advantage, the enhancement factor of the field in the nanocavity can reach a very high level of 60 over that of the incident light. The electric field, power flow, and the stable field intensity distributions are given to demonstrate the internal mechanism of localized enhanced field in the nanocavity. Surface plasmon hybridization is believed to have a great influence on the strong localized field enhancement. Our work has great potential for applications such as SERS and nanosensors.
